We report on a Sb-based type-I laser grown on GaAs substrate, emitting continuous wave at room temperature around 2.2 m. The device was grown using solid-source molecular beam epitaxy and comprised two GaInAsSb quantum wells embedded in AlGaAsSb barriers. Despite the large lattice mismatch, a good crystalline quality was obtained, and processed devices operated continuous wave up to 50°C with threshold current densities in the range of 1.5-2.2 kA/ cm 2 . An optical output power of 3.7 mW was obtained at 20°C. © 2009 American Institute of Physics. ͓DOI: 10.1063/1.3072596͔ Materials of the so-called "6.1 Å family," e.g., InAs, AlSb, GaSb, and their relative alloys, offer a wide variety of band gaps and band offsets that are used for both high speed/ low consumption electronic devices 1 and optoelectronic compounds in the infrared.
We report on a Sb-based type-I laser grown on GaAs substrate, emitting continuous wave at room temperature around 2.2 m. The device was grown using solid-source molecular beam epitaxy and comprised two GaInAsSb quantum wells embedded in AlGaAsSb barriers. Despite the large lattice mismatch, a good crystalline quality was obtained, and processed devices operated continuous wave up to 50°C with threshold current densities in the range of 1.5-2.2 kA/ cm 2 . An optical output power of 3. Materials of the so-called "6.1 Å family," e.g., InAs, AlSb, GaSb, and their relative alloys, offer a wide variety of band gaps and band offsets that are used for both high speed/ low consumption electronic devices 1 and optoelectronic compounds in the infrared. 2, 3 Heterostructures made of these alloys are usually grown on GaSb or InAs substrates by molecular beam epitaxy ͑MBE͒ or metal-organic chemical vapor deposition. However, those substrates suffer from high costs, small sizes, and the fact that no semi-insulating wafers are available. The poor thermal conductivity of these binary alloys can also be deleterious for some high-power devices. For these reasons, the epitaxy of these materials on an alternate wafer such as GaAs is highly desirable and has attracted a lot of attention recently. The difficulty in pursuing such a goal is to accommodate the large lattice mismatch of 7%-8% existing between the 6.1 Å semiconductors and GaAs. This generally leads to the formation of a high density of threading dislocations, incompatible with the fabrication of high performance devices. However, it has been demonstrated that using an adequate growth procedure allows forming mainly 90°misfit dislocations at the interface between the GaAs substrate and an InAs ͑Ref. 4͒ or a GaSb ͑Ref. 5͒ layer. In this configuration, the dislocations self-arrange in a periodic array, relieving the strain efficiently within a very thin interfacial layer. The resulting low 60°dislocation density should therefore allow the fabrication of Sb-based devices with performances comparable to the ones grown on GaSb or InAs substrates. Lasers operating in pulsed regime at room temperature ͑RT͒ were recently obtained at 1.65 m ͑Ref. 6͒ and 1.82 m ͑Ref. 7͒ with threshold current densities of 3 kA/ cm 2 ͑20°C, 0.5% duty cycle͒ and 1.265 kA/ cm 2 ͑20°C, 0.1% duty cycle with backside contact͒, respectively. The devices consisted of GaSb/AlGaSb and GaInSb/ AlGaSb quantum wells ͑QWs͒, respectively, with maximum reported operating duty cycle at RT of 0.5% and 4%, respectively.
We report here on a GaInAsSb/AlGaAsSb QW laser structure grown by MBE on a ͑001͒-oriented GaAs substrate. RT, continuous-wave ͑cw͒ operation around 2.2 m is demonstrated with a threshold current density of 1.5 kA/ cm 2 at 20°C.
The laser structure was grown on a quarter of a 2 in. GaAs ͑001͒ n-doped substrate in a MBE reactor, equipped with tellurium and beryllium dopant cells, and valved cracker cells for both arsenic and antimony. The growth process was monitored by in situ reflection high energy electron diffraction ͑RHEED͒. Prior to the growth, the substrate was outgassed at 150°C for several hours inside the introduction chamber, then loaded in the growth chamber and heated for 20 min at 600°C under As flux for oxide removal. A 500 nm GaAs:Te buffer layer was then deposited at 580°C. The arsenic valve and shutter were then closed and the sample was soaked in Sb flux before decreasing the substrate temperature down to 510°C. A 1 m thick GaSb buffer was then grown at a 0.9 ML/s rate with an n-doping concentration of 2 ϫ 10 18 / cm 3 . Growth initiates with a spotty RHEED pattern, changing to a streaky ͑1 ϫ 3͒ reconstruction pattern, characteristic of a two-dimensional, layer-by-layer growth of GaSb within the first 25 nm. As the growth continued, a reduction in the specular spot size was observed, indicating a smoothing of the sample surface. Finally, the laser structure drawn on Fig. 1 region, and graded composition layers are grown between the claddings and the top and bottom GaSb layers to avoid abrupt band-gap offsets. Detailed studies of this device design can be found in Ref. 8 . Figure 2 shows the high resolution x-ray diffraction ͑HRXRD͒ pattern of this structure with the simulation pattern of the same structure considered to be grown on a GaSb substrate. The perfect fit between both experimental and simulated GaSb peaks demonstrates the full relaxation of the 1 m thick GaSb buffer layer. Moreover, the position of the QWs corresponds to the composition aimed and the satellite peaks related to the barrier/ QWs periodicity match to the nominal thickness.
The wafers were processed into 10 m ridge lasers with cavity lengths of about 1 mm using standard photolithography. Backside n-contact was ensured by a Au-Ge-Ni deposition. The devices were then indium soldered epidown to a copper heat sink for characterization. Facets were nontreated. Figure 3 shows the typical power-current ͑P-I͒ characterization in cw operation at various temperatures ranging from 20 to 50°C. The laser emission was observed up to 50°C ͑limited by our setup͒. The maximum power with our setup was 3.7 mW at 20°C under the maximum drive current of 250 mA. The inset of Fig. 4 plots the exponential change in threshold intensity ͑I th ͒, measured in cw operation over the temperature range of 20-50°C. A characteristic temperature T 0 of 86 K was deduced from the slope, which is comparable with state-of-the-art laser diode grown on GaSb. [8] [9] [10] The associated threshold current densities were in the range of 1.5-2.2 kA/ cm 2 . These values are within a factor of 10 higher than that obtained in the case of similar lasers grown directly on GaSb substrate [8] [9] [10] and can be attributed to the higher optical losses due to residual threading dislocations. The same observation can be made for the external quantum efficiency ͑6% at 20°C͒.
The voltage characteristic presents a turn on of 2 V at 30°C ͑Fig. 2͒. This value is higher than that of lasers grown on GaSb substrates. The difference of the threshold voltage was found to be related to the heterojunction between the GaAs substrate and the GaSb buffer, 6 which presents a potential drop of 0.7 V. Figure 4 presents the laser spectrum at 30°C in cw operation under a drive current of 230 mA. The emission is slightly above 2.2 m, which is the longest wavelength emission for an interband laser grown on GaAs operating cw at RT.
In conclusion, a GaInAsSb/AlGaAsSb type-I laser grown by MBE on GaAs substrate was presented. Electrical and optical characterizations were carried out and showed cw operation up to 50°C ͑setup limited͒ with a maximal external quantum efficiency of 6%, a maximal output power of 3.7 mW, and a threshold current density between 1.5 and 2.2 kA/ cm 2 .
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